Steroids, retinoids, and thyroid hormones play crucial roles in vertebrate development and homeostasis. The receptors for these hormones constitute a large family of ligand-dependent transcription factors, the steroid/thyroid hormone receptor superfamily (STR family), which mediate activation of gene transcription by interacting with specific cis-acting elements called hormone response elements (HREs) (1) (2) (3) (4) . HREs of the STR family are composed of tandem or inverted repeats of a hexameric half-site (AGGTCA or AGAACA), and their consensus sequences are classified into nine types (5) (6) (7) (8) (9) . Differences in the orientations and spacings of these half-sites within HREs dictate selective transcriptional responses to members of the STR family. Usually, HREs are located upstream of promoters, and the efficiencies of their binding to receptors are parallel to those of their transactivation efficiencies (7) .
The ear3 gene, obtained by cross-hybridization to the v-erbA sequence, encodes a protein that belongs to the STR family as judged by its structural characteristics (10) . The ear3 gene product is identical to COUP (11) , a transcription factor originally characterized by its interaction with the so-called COUP sequence which is a part of the chicken ovalbumin gene promoter (12) . A remarkable feature of the ear3 gene product (Ear3/COUP) is that its amino acid sequence is highly conserved (>90% identity) in Drosophila (13) and sea urchin (14) , suggesting its important role throughout evolution.
In previous studies (8, 9) , the binding specificities of Ear3/ COUP to nine HREs were assessed by gel mobility-shift experiments. Ear3/COUP exhibited a strong preference for binding to the DR1 direct repeat sequence and to a thyroid
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hormone response element (TRE) (see Fig. la ). In contrast, Ear3/COUP bound weakly to an estrogen response element (ERE) and hardly bound to a glucocorticoid response element (GRE). This binding preference of Ear3/COUP was almost the same as that of the retinoid X receptor (RXR) (8) , a member of the STR family that responds to retinoic acid (15 For construction of pSV-Ear3/COUP, the HindIII fragment of pSRa-Ear3/COUP (9) was excised by digestion with HindIII and ligated into the unique HindIII site of pSV-H, a derivative of pSV2neo (18) .
CAT Assay and Gel Shift Assay. The CAT assay was performed as described (16) . Precipitates used for transfection typically contained 5 ,ug of expression plasmid, 2.5 ,tg of reporter plasmid, 0.3 A,g of 3-galactosidase reporter plasmid driven by the promoter of the /-actin gene (p/3act-3gal), and 7.5 ,tg of pUC119 as a carrier. Lysate samples containing equal amounts of ,3-galactosidase activity were assayed for CAT activity. The gel shift assay was performed exactly as described (9) . Complexes were resolved by electrophoresis in a 5% polyacrylamide gel. cotransfected into CV-1 monkey kidney cells together with CAT reporter plasmids containing various HREs. In the reporter construct, the CAT gene was linked to a derivative of mouse MTV promoter that is devoid of its own enhancer element GRE (AMTV-CAT) (Fig. lb) (19) . This plasmid has been used as a basal promoter to test the activities of various HREs (16, (19) (20) (21) (22) . A single copy of the HRE (DR1, TRE, or ERE) was inserted into the unique HindIII site of the plasmid, generating the reporter plasmids AMTV-DR1-CAT, AMTV-TRE-CAT, and AMTV-ERE-CAT.
To our surprise, Ear3/COUP stimulated efficient transcription from the "empty" AMTV promoter (Fig. ic) . When an ERE to which Ear3/COUP binds with low affinity was present (AMTV-ERE-CAT), stimulation of transcription by Ear3/ COUP was reduced to half the level observed with AMTV-CAT (Fig. lc) . Moreover, Ear3/COUP did not stimulate transcription of AMTV-DR1-CAT or AMTV-TRE-CAT, both of which contain high-affinity binding sequences for Ear3/ COUP (Fig. lc) (MOCK) . Then the lysates were incubated with a 32P-labeled DNA probe which corresponded to the entire 125-bp 3' sequence. The reaction mixture was separated by polyacrylamide gel electrophoresis. Unlabeled competitors (DR1, ERE, GRE, or the 3' sequence itself) were added in 10-fold molar excess over the labeled.-probe.
as a reporter plasmid (Fig. ld) . Thus, the ability of RXR to cause transactivation through a HRE parallels closely its ability to bind the HRE. This property has also been observed in other members of the STR family (20, 21) .
Ear3/COUP Is Silent in the Reporter Construct Based on the TK Promoter. To address whether Ear3/COUP acts similarly on promoters other than the AMTV promoter, we chose the TK promoter (17) containing one or two copies of the DR1 element (Fig. 2a) . In contrast to the results with the AMTV promoter, Ear3/COUP did not activate transcription of the basal TK promoter (Fig. 2b) . Furthermore, no activation or repression of CAT activity was observed with reporter constructs containing high-affinity binding sites (TK-DR1-CAT and TK-2xDR1-CAT) (Fig. 2b) . On the other hand, the transcriptional activities of RXR on these reporters (Fig. 2c) were virtually identical to those with the AMTV promoter. These results indicated that positive and negative regulations were present for Ear3/COUP and that the regulation depended on the type of promoter.
Localization of an Ear3/COUP-Responsive Sequence Downstream of the TATA Box. To localize the region in the AMTV promoter responsible for the positive transcriptional effect of Ear3/COUP, a series of deletion mutations were introduced into the parental reporter plasmid MTV-CAT (Fig.  3a) . Ear3/COUP-dependent transactivation was maintained even when the promoter sequence was deleted to a site 6 bp upstream of the TATA box (Fig. 3a, MTV-TATA-CAT) . Thus, we concluded that the sequence responsible for Ear3/COUPmediated transactivation lay near the TATA box or further downstream. To identify its location more precisely, we constructed chimeras between the MTV-TATA promoter and TK promoter (Fig. 3b) . Upon cotransfection of these reporter constructs and the Ear3/COUP expression plasmid, Ear3/ COUP failed to activate transcription from M-T-CAT but efficiently activated transcription from T-M-CAT (Fig. 3b) . These (Fig. 3c) (Fig.  3c) . In contrast, the same concentration of ERE or GRE competitor could not quench the complex formation (Fig. 3c) . These data suggested that Ear3/COUP bound to the 3' sequence with high affinity, comparable to the affinity of Ear3/COUP for the DR1 sequence.
Mapping of the Ear3/COUP Response Sequence in the 3' Region. To confine the region essential for transactivation by Ear3/COUP, deletions were introduced in the 3' sequence of the reporter plasmid MTV-TATA-CAT. The resultant reporter constructs (Fig. 4a) were used for cotransfection assay as above. Deletions of the first 81 bp from the 5' end had no effect on Ear3/COUP-induced transactivation; but further deletion eliminated the transactivating function. These data suggested that the responsible element was localized between +91 and +135.
A series of subfragments of the 125-bp 3' sequence ( Fig. 4b; fragments A-G) were tested for their ability to bind Ear3/ Fig. 3c . The 45-bp fragment C, corresponding to the sequence from +91 to +135 as shown in a, was 32P-labeled and used as a probe. The indicated competitors containing the sequence of each subfragment (A-G) were added in 20-fold molar excess over the labeled probe.
COUP. When the radiolabeled fragment, which corresponded to the region from +91 to +135 (see Fig. 4a ), was used as a probe an intense band was seen with Ear3/COUP-transfected lysate (Fig. 4b) . The formation of this binding complex was blocked specifically by the unlabeled oligonucleotides C and G, but not by the other oligonucleotides. These results clearly demonstrated that the sequence between positions +102 and +135 (fragment G) of the 3' region was essential for binding to the Ear3/COUP protein.
Inspection of the sequence of fragment G revealed that the sequence from + 104 to + 120, 5'-CGGTCACCCTCAG-GTCG-3', closely resembled a typical DR5 direct repeat (Fig.  4b ). Previous studies (9, 23) showed that Ear3/COUP was able to bind tightly not only to the DR1 sequence but also to the other direct-repeat sequences, although the affinity was slightly lower. This was consistent with the observation that DR1 was a slightly better competitor than the 3' sequence itself (Fig. 3c) . These data strongly suggested that the DR-like sequence was responsible for Ear3/COUP-mediated transactivation.
DISCUSSION
The STR family members generally activate transcription upon binding to their corresponding HREs, which are located upstream of the transcriptional start site (7) (Fig. 5 a ii and through binding to a novel sequence and this transactivation was suppressed through its binding to DR1 present upstream of the same promoter sequence. (Fig. lc, Fig. 5d ). There are reports of positive effects of Ear3/COUP in an in vitro transcription system (12) (23) (24) (25) . This is consistent with our results with the TK promoter (Fig. 2b, Fig. 5b ii) but not with our results with the AMTV promoter (Fig. lc, Fig. 5d ). Therefore, Ear3/COUP is unique among the members of the STR family in that it is bifunctional in regulatory function.
Deletion analyses using AMTV promoters revealed that the responsible sequence was downstream of the transcription start site (3' sequence) (Fig. 3, Fig. 5d i) . The responsible sequence was further narrowed down to 34 bp, spanning from +102 to +135, which included a DR-like element (Fig. 4) . Ear3/COUP bound to this sequence with high affinity (Fig. 3c,  Fig. 4b ). To our knowledge, this is the first report to show that transactivation by an STR family member is mediated through a sequence downstream of the transcriptional start site. In addition, the 3' sequence of MTV promoter was specific to Ear3/COUP, since other members of the STR family did not affect transcription from the AMTV promoter (Fig. ld, Fig. 5c i) (16, (20) (21) (22) (8) . Similarly, the RXR-Ear3/COUP heterodimer or even the RXR homodimer could bind to the DR-like element in the 3' sequence. Nev- ertheless, the surface of RXR would be unable to interact with the transcription factors in a way to evoke transcriptional activation.
A typical example of negative regulation by Ear3/COUP is suppression of RXR-mediated transactivation of DR1-containing promoters (8, 23, 25) (Fig. 5e ). This suppression is thought to be due to competitive DNA binding by the Ear3/ COUP and RXR. The negative regulation by Ear3/COUP shown in the present study (Fig. 5d ii) is distinct from the Ear3/COUP-mediated suppression of RXR activity (Fig. 5e) , in that the interaction of Ear3/COUP with DR1 suppresses Ear3/COUP-mediated transcriptional activation that is mediated through the sequence downstream of the transcription initiation site (Fig. 5d i) . Because Ear3/COUP did not downregulate basal transcription from TK-DR1-CAT (Fig. 2b, Fig.  5b ii) ( (Fig. lc, Fig.  5d i), suggesting that calf serum contains a sufficient concentration of the ligand.
In our previous report (9) , we speculated that Ear3/COUP and RXR might have almost the same functions, since they share the same binding elements. However, the mirror image of transcriptional activity presented in Fig. 1 (27) . Ear3 
